Abstract-We propose a new detection ordering based on the log-likelihood ratio (LLR) in the iterative nulling and cancellation process of vertical Bell Laboratories layered space-time (V-BLAST) decoding. The motivation for using the LLR is that it provides the reliability information on the maximum a posteriori probability decision. As a result, the error propagation associated with a wrong cancellation can be minimized. Simplified ordering schemes that require a much less computation, but provide a performance virtually identical to the LLR-based ordering, are also provided. The performance of the LLR ordering in the V-BLAST combined with space-time block codes is evaluated.
I. INTRODUCTION
T HE use of multiple antennas at the transmitter and receiver has been shown to provide high spectral efficiencies [1] , [2] . Current transmission schemes using multiple antennas are typically data-rate maximization [3] , [4] or diversity maximization [5] , [6] , with some tradeoffs between multiplexing and diversity [7] . The first approach is to perform spatial multiplexing by sending many independent signals through multiple transmit antennas. One such approach is the vertical Bell Laboratories layered space-time (V-BLAST) [3] , [4] , which splits a single user's data stream into multiple substreams and uses an array of transmitting antennas to simultaneously transmit parallel substreams in the same frequency band.
A popular decoding approach, known as nulling and cancelling, gives a reasonable tradeoff between complexity and performance, but its performance is affected by the order in which the substreams are detected and cancelled [4] . The original method detects the substream that presents the maximum signal-to-noise ratio (SNR) and then cancels its contribution from the received signal. Its corresponding channel matrix is then zeroed. For the remaining symbols, the above process is repeated by detecting the next strongest, and so on.
In this paper, we propose a new detection ordering in the iterative decoding of V-BLAST. The proposed scheme is to detect and cancel substreams in order of the magnitude of the log-likelihood ratio (LLR). The motivation for using the LLR is that it provides the reliability information on the maximum a posteriori (MAP) probability decision. As a result, the error propagation associated with a wrong cancellation can be minimized. It is shown that the proposed LLR-based ordering can provide a significant gain over the conventional SNR-based ordering. We also present simplified LLR-based ordering and envelope-based ordering that require much less computation, but provide a performance virtually identical to the LLR-based ordering. We evaluate the performance of the LLR ordering in a combined V-BLAST and space-time block coding (STBC) system [8] . This paper is organized as follows. Section II describes the system model. Section III describes the proposed LLR ordering. Section IV presents the LLR ordering in the combined V-BLAST and STBC system. Section V presents the numerical results, and Section VI contains concluding remarks.
II. SYSTEM MODEL
We consider a V-BLAST system, where transmit antennas send a vector of size over a rich-scattering wireless channel to ( ) receive antennas at each symbol time. At the transmitter end, the data stream is partitioned into parallel substreams, and each substream is sent through a different transmit antenna. Each receive antenna receives the signals from all transmit antennas. At each time, the received vector can be written as (1) where with is the channel matrix whose elements are independent identically distributed (i.i.d.) complex Gaussian with mean zero and unit variance, is the transmitted signal vector where each component is in the set ( -ary signaling), and is a complex Gaussian noise vector with each component having a mean equal to zero and a variance equal to per dimension. The detection process for the V-BLAST consists of nulling, cancellation, and ordering. The reader is referred to [3] and [4] for more details. Let , where is a nulling vector for . Then, the decision statistic for is given by (2) (3) and a modified channel matrix
The original ordering is determined based on the SNR [3] , [4] . This approach picks up the component of that minimizes , because decreases with increasing SNR. It follows from (2) that the SNR for is given by
For equi-energy signaling, where for all , the original method calculates for all , and detects and cancels the component of that minimizes first.
III. PROPOSED ORDERING
In this section, we present a new detection/cancellation ordering based on the LLR for -ary signals. Let (6) be the MAP decision for the th symbol (substream) and (7) be the pairwise LLR. Then, it follows from (7) and the equality that the probability of symbol error after knowing can be written as (8) Since decreases with decreasing , we propose to cancel in order of , i.e., cancel the symbol that minimizes first. This will be referred to as the LLR-based ordering.
The main difference of the LLR-based ordering from the SNR-based ordering in [3] is its dependence on the received signal . As a posteriori, the received signal provides additional information. Therefore, by intuition, the LLR-based ordering using this additional information will outperform the SNR-based ordering. Specifically, suppose that the th symbol is detected first based on the SNR ordering. Then, since (9) the average symbol-error probability (SEP) of the first detected symbol based on the LLR ordering will not be greater than that of the SNR ordering. This will also reduce the error propagation in subsequent iterations. Since the first detected stream has the least diversity order, the overall SEP is mainly determined by the SEP of the first detected stream. Hence, the LLR-based ordering will outperform the SNR-based ordering.
If we assume that each symbol is transmitted with equal probability, then (7) can be expressed by (8) and (12) that (13) where (14) assuming and error-free detection in the previous iteration. Therefore, the LLR-ordered cancellation for the BPSK signaling case proceeds in order of .
A. Simplified LLR-Based Ordering
We may simplify (8) by taking only two dominant terms in the denominator, which yields (15) where (16) (17) is the difference between the shortest distance and the second shortest distance from normalized by . Since the lower bound on the probability of symbol error decreases monotonically with , we propose cancelling in order of . This will be referred to as simplified LLR-based ordering.
B. Envelope-Based Ordering
For equi-energy signaling such as -ary phase-shift keying (MPSK) or -ary frequency-shift keying (MFSK), for all and , and thus (17) can be further simplified as (18) Then, it follows from the relation that we obtain (19) (20) where is the minimum Euclidean distance. Since is much simpler to calculate than (17) or , we propose cancelling in order of . This will be referred to as envelope-based ordering, because is the envelope of . The main computation in the iterative nulling and cancellation algorithm is the determination of the ordering of the nulling and cancellation steps and the computation of the corresponding nulling vectors. Since the complexity of finding the maximum is much less than that of inverting the channel matrix, we will focus on the latter. Suppose that the channel changes every symbol intervals. For SNR-based ordering, since order is preserved as long as the channel is not changed, all nulling vectors will not change during symbol intervals. However, for the LLR-based method, ordering needs to be recalculated for each symbol interval because a posteriori information changes from symbol to symbol. Roughly speaking, the LLR-ordered method is about times more complex than the SNR-based method is, since the calculation must be done for every symbol time. This is the price for the performance improvement and a drawback of the method. The complexity disadvantage compared with SNR-based method might be reduced if is small or is small. In the latter case, the complexity for the LLR-based method can be reduced by precalculating nulling vectors and reusing them whenever needed.
IV. V-BLAST COMBINED WITH STBC
In this section, we consider a V-BLAST system combined with space-time block codes and evaluate the performance of the proposed ordering schemes in the system. transmit antennas are partitioned into groups, where the th group consists of antennas with . The th group , , is then encoded by a space-time block encoder . The output of goes through a serial-to-parallel converter and is transmitted simultaneously. This gives a total of symbols that are transmitted simultaneously from antennas . At the receiver, each code is decoded separately, while suppressing signals from other codes using group interferencesuppression technique [8] (23) and (24) Then, linear combining of (23) and (24) This process continues until all groups are detected. Since the SNR for the th group is , the SNR ordering for the equi-energy signaling case cancels the group in the order of . Ordering schemes developed in Section III can be applied to a combined V-BLAST and STBC system as follows.
A. LLR-Based Ordering
The LLR for the th group is given by (33) (34) where . Since , the LLR-based ordering cancels the group in the order of .
B. Simplified LLR-Based Ordering
The simplified LLR-based ordering cancels the group in the order of (35)
C. Envelope-Based Ordering
For equi-energy signaling that satisfies for all and , (35) can be further simplified to (36) (37) (38) Then, since and are constants for all groups, the envelope-based ordering cancels the group in order of . 
V. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we present numerical results and discussions. Fig. 1 shows the average bit-error rate (BER) versus per receive antenna for BPSK signaling with conventional SNRbased ordering and proposed LLR-based ordering. We find that the proposed LLR-based ordering provides a power gain of 5 dB over the conventional SNR-based ordering for , and the power gain increases with increasing number of transmit antennas . The latter is because the difference between the right-hand side and the left-hand side in (9) increases as the number of substreams increases. Fig. 2 is a plot of the average BER versus per receive antenna for different numbers of receive antennas . We find that as increases, the slope becomes steeper for both LLR-and SNR-based ordering, and their average BERs converge. This is due to an increase of diversity order with increasing . per receive antenna for different constellation sizes. We find that the power gain provided by the LLR-based ordering over the SNR-based ordering decreases as the constellation size increases. This is because in (8) increases with increasing , thereby increasing the probability of symbol error, whereas the SNR in (5) does not depend on . Also, we note that BPSK provides a lower average BER than quaternary phase-shift keying (QPSK) does. This is because the ordering for QPSK is updated for each symbol (two bits), whereas for BPSK, the ordering is updated for each bit. Therefore, BPSK provides a lower average BER than QPSK does. Fig. 4 shows the average BER versus per receive antenna for QPSK with several detection ordering rules. We find that simplified LLR-based ordering and envelope-based ordering, which require less computation than LLR-based ordering, provide a performance virtually identical to the LLR-based ordering. In fact, the envelope-based ordering performs slightly better than the LLR-based ordering. This is because the LLR-based ordering that minimizes the probability of decision error in the current stage does not necessarily cancel out the column vector that produces the largest interference in subsequent stages. Fig. 5 is a plot of average BER versus per receive antenna for V-BLAST combined with four Alamouti space-time block codes and eight receive antennas. The transmit antennas are partitioned into four groups, with each group consisting of two transmit antennas. The modulation is chosen to be the BPSK signaling. We find that the envelope ordering and the (simplified) LLR ordering provide power gains of 1.2 and 2.2 dB, respectively, over the conventional SNR-based ordering.
VI. CONCLUSION
In this paper, we proposed a new detection ordering based on the LLR in the iterative nulling and cancellation process of V-BLAST decoding. The motivation for using the LLR is that it provides the reliability information on the MAP decision. As a result, the error propagation associated with a wrong cancellation and the resulting error probability for the remaining substreams can be reduced. We showed that the proposed LLR-based ordering significantly outperforms conventional SNR-based ordering. We also presented simplified LLR-based ordering and envelope-based ordering that require much less computation, but provide a performance virtually identical to the LLR-based ordering. Finally, we evaluated the performance of the proposed detection orderings in V-BLAST combined with space-time block coding.
